Millions of women of cild-bearing age have substantial bone lead stores due to lead exposure as children. Dietary calcium ingested simultaneously with lead eposure can reduce lead absorption and accumulaton. However, the efects of dietary calcium on previously accumulted maternal lead stores and transfer to the fetus have not been investigatedL We studied the effects oflead exposure of female rats at an early age on fetal development during a subsequent pregancy. We gave 5-weekold female Sprague-Dawley rats lead as the acetate in their ddnking water for 5 weeks; controls received equimolar sodium acetate. This was followed by a 1-month period without lead exposure before mating. We randomly assigned prewant rats (n = 39) to diets with a deficient (0.1%) or normal (0.5%) calcium content during pregnancy. A total of 345 pups were delivered alive. Leadexposed dams and their pups had significantly higher blood lead concentrations than controls, but the concentrations were in the range of those found in many pregnant women. Pups bom to dams fd the calcium-deficient diet during pregnancy had higher blood and organ lead concentrations than pups born to dams fed the 0.5% calcium diet. Pups bom to lead-exposed dams had sigificant- controls were simultaneously given equimolar sodium acetate in the drinking water. A 5-week period of lead exposure was followed by a 4-week period without lead exposure. During these periods before mating, the rats consumed diets containing 0.5% calcium. At this time, the rats were 14 weeks of age. The female rats were then mated with 14-weekold male SD rats, with 1 male and 3 females caged together. Of the 76 female rats, 39 (51.3%) were impregnated. Lead-exposed and nonexposed pregnant rats were then randomly assigned to either normal (0.5%) or low (0.1%) calcium diets during pregnancy. Nonpregnant animals were also randomly assigned to one of the calcium diets. We used a stratified design based on the blood lead concentration at the time of random assignment. This ensured comparable initial blood lead concentrations in the two lead-exposed treatment groups that were fed either 0.1% or 0.5% calcium. During pregnancy, dam body weights were measured twice each week. In addition, blood samples (150 pL) were drawn from a tail vein once each week.
Adequate birth weight is a key marker of a successful pregnancy and has a major influence on neonatal mortality. Both maternal nutritional factors and exposure to environmental toxicants can greatly influence fetal growth and development. However, very few studies have addressed interactions among dietary components, environmental toxicants, and fetal development.
There is considerable evidence that a diet low in calcium can enhance gastrointestinal lead absorption and toxicity in humans and experimental animals (1) (2) (3) (4) (5) . Diets Nevertheless, lead exposure as a child and at other ages before pregnancy will result in retention of considerable amounts of lead in the skeleton (5, 9, 10) . Recent evidence demonstrates that maternal skeletal lead stores are mobilized during pregnancy and, in part, are transferred through the bloodstream to the fetus (11,1. One recent study in Mexican women demonstrated an inverse association between maternal bone lead stores and birth weight (13) ; in this study, maternal nutritional status, assessed by calf circumference, was positively associated with birth weight. However, there was no evaluation of the maternal diet.
The present study is based on the hypothesis that an adequate intake of calcium during pregnancy will prevent or reduce the adverse effects of maternal lead stores on fetal development and lead accumulation in utero. Our controls were simultaneously given equimolar sodium acetate in the drinking water. A 5-week period of lead exposure was followed by a 4-week period without lead exposure. During these periods before mating, the rats consumed diets containing 0.5% calcium. At this time, the rats were 14 weeks of age. The female rats were then mated with 14-weekold male SD rats, with 1 male and 3 females caged together. Of the 76 female rats, 39 (51.3%) were impregnated. Lead-exposed and nonexposed pregnant rats were then randomly assigned to either normal (0.5%) or low (0.1%) calcium diets during pregnancy. Nonpregnant animals were also randomly assigned to one of the calcium diets. We used a stratified design based on the blood lead concentration at the time of random assignment. This ensured comparable initial blood lead concentrations in the two lead-exposed treatment groups that were fed either 0.1% or 0.5% calcium. During pregnancy, dam body weights were measured twice each week. In addition, blood samples (150 pL) were drawn from a tail vein once each week.
We allowed pregnant rats to carry their litters to term. The 39 pregnant rats delivered a total of 345 live pups; 13 pups were stillborn. Within 3-18 hr of birth, we weighed all pups and measured their lengths (distance from nose to origin of tail) using a micrometer.
We randomly chose two male and two female pups from each litter using a (1, 8, 14) . Therefore, kidney lead concentrations were log transformed before evaluation by ANOVA.
We assessed univariate associations between variables by calculating Pearson correlation coefficients. In addition, we performed stepwise multiple regression analyses to assess the possibility that other factors besides lead exposure or dietary calcium might influence the effect of these variables on birth weight or birth length. In these analyses, birth weight or birth length was the dependent variable, and the independent variables were lead exposure status, dietary calcium intake during pregnancy, litter size, pup sex, dam weight gain during pregnancy, and dam body weight before pregnancy and after delivery.
Results
Lead dosing and dam growth. The mean (± SE) daily intakes of drinking water during the 5-week period of lead exposure were 22.4 ± 0.9 mL/day for control rats and 20.9 ± 0.6 mL/day for rats given lead in the drinking water. These values do not differ significantly (t-test, p > 0.05). Figure 1 shows growth curves for rats before mating and after random assignment to 0.1% or 0.5% calcium diets during pregnancy. Mated females that did not become pregnant are also included in Figure 1 . Growth of lead-exposed and nonexposed rats was comparable before and after mating, and was not influenced by the dietary calcium content subsequent to mating. Pregnant rats developed substantially higher body weights than the nonpregnant rats (- VOLUME 108 1 NUMBER 6 1 June 2000 * Environmental Health Perspectives 528`_ not influence fetal growth. However, the higher diet calcium intake increased birth weight for the male pups not exposed to lead. In addition, we observed reduced birth length in the male and female pups whose lead-exposed mothers were fed the 0.5% calcium diet.
Blood and organ lead concentrations. Figure 4 shows blood lead concentrations of the dams before pregnancy and for days 9, 16, and 21 of gestation. Blood lead concentrations were much higher in dams previously exposed to lead than in those not given lead in the drinking water. Blood lead concentrations of the lead-exposed dams declined during pregnancy, as expected, because lead exposure was terminated 1 month before pregnancy. For both the lead-exposed and unexposed dams, blood lead concentrations on days 9, 16, and 21 in rats fed the 0.5% calcium diet during pregnancy than in those receiving the 0.1% calcium diet. However, the differences were only significant for day 21 ofgestation for the leadexposed rats.
Organ lead concentrations of the dams are shown in Table 1 ; lead-exposed dams had significantly higher lead concentrations than unexposed dams in each of the five organs assessed. Lead-exposed dams fed the normal calcium diet during pregnancy had lower lead concentrations in brain, femur, kidney, liver, and spinal column bone than those fed the low calcium diet. Of these, the brain and kidney lead concentrations were significantly lower (p < 0.05).
The blood and organ lead concentrations for the rat pups are shown in Table 2 . Pups born to lead-exposed dams had significantly higher lead concentrations than pups born to unexposed dams for blood, kidney, liver, and carcass, but not for brain. Pups delivered by dams fed the normal calcium diet had lower lead concentrations than those delivered by dams fed the low calcium diet. Of these, the blood, liver, and carcass concentrations were significantly lower.
Relationships to mobilize skeletal lead stores (12) . In the present study, an increase in dietary calcium during pregnancy reduced fetal lead accumulation, but did not prevent the adverse effects oflead on birth weight and length. Paradoxically, the diet with higher calcium reduced birth length (but not birth weight) in male pups with in utero lead exposure. This effect is likely due to effects on birth length of other variables (litter size, pup sex, pregnancy weight gain, and organ lead concentrations) because the impact of diet calcium does not remain after consideration of these variables (Tables 3 and 4) .
The decrease in blood lead concentrations during pregnancy is probably due to the gradual increase in time since the end of lead exposure, despite the expected mobilization of skeletal lead during pregnancy. Dams fed the low-calcium diet had higher blood lead concentrations at the end of the third trimester than dams fed the normal calcium diet; this suggests suppression of bone lead mobilization by the normal calcium diet.
Studies in humans have not consistently demonstrated an inverse relationship between lead exposure and birth weight (16) (17) (18) (19) (20) (21) . This may in part be related to the numerous factors that can influence birth weight and to a limited ability to accurately assess maternal lead exposure and other relevant factors. An advantage of studying the effects of lead and dietary calcium on fetal development in experimental animals is the ability to regulate lead exposure and dietary calcium intake; this permits a more precise assessment of effects on other variables. The present study demonstrates that the lead exposure before pregnancy was a significant predictor of reduced birth weight and length, even after adjustment for other factors such as pup sex, litter size, and maternal weight gain during pregnancy. The blood lead concentrations of the dams in the present study are higher than those currently found in most pregnant women in the United States, but they are in the same range (10-70 gg/dL) as concentrations that may be found in women from more heavily polluted regions of the world (17, 19, 20) . In contrast to the present study, other studies in experimental animals used maternal lead exposure during pregnancy instead of exposure only before pregnancy. These studies typically found reduced birth .weights as a result of lead exposure during pregnancy (8, 22, 23) . The present study extends these findings to lead exposure that occurs well before pregnancy.
In 1994, Andrew et al. (17) reviewed studies on the relationships between prenatal lead exposure, gestational age, and birth weight. They concluded that lead exposure appears to increase the risk of preterm delivery and reduce birth weight, but the results of individual studies were quite disparate. Some of the variability in results of the studies reviewed appeared to be due to differences in study design or control for confounders.
More recent human studies also had mixed results. West et al. (18) found an inverse relationship between gestational age and maternal blood lead concentrations, but the latter did not differ significantly for birth weights > 2,500 g versus < 2,500 g. Studies in Kosovo (19, 20) (23) (24) (25) (26) . Because the skeleton is also the major repository for lead, mobilization of skeletal lead and calcium occurs simultaneously when dietary calcium intake during pregnancy is inadequate. This is probably the reason for the higher fetal blood, organ, and carcass lead concentrations in pups born to dams fed the low calcium diet. A recent study (16) used high-precision measurements of lead isotopes in maternal blood and urine and in environmental samples to confirm the increases in lead mobilization from the maternal skeleton that occur during human pregnancy. Because skeletal mobilization of calcium and lead occurs primarily in the third trimester, the ability of increased diet calcium to alter fetal lead accumulation but not fetal growth suggests that the adverse effects of lead on fetal growth may occur primarily in the first and/or second trimesters.
In the United States, African-American women have a greater risk of delivering low birth weight neonates than white women (27, 28) . Although there are likely numerous variables that may contribute to this higher risk, a largely unexplored factor could be the higher skeletal lead stores of some AfricanAmerican women due to childhood lead exposures while living in inner cities.
In a recent study, Ballew et al. (29) evaluated relationships between blood lead concentrations and anthropometric measurements in over 4,000 children 1-7 years of age.
Significant negative associations between blood lead concentrations and height or head circumference were found. Their regression models predicted a reduction in height of 1.57 cm for each 10 1g/dL (0.48 jmol/L) increase in the blood lead concentration. In this study (29) , calcium intake from supplements was a significant predictor of increased height and head circumference. In contrast, we found in the present study that increased maternal diet calcium did not increase birth weight and length. The mechanisms by which calcium-lead interactions influence growth in utero may differ from those that are operative after birth.
Events in utero can influence health for many years after birth; the term "fetal programming" has been used to describe this process. For example, several studies found associations between low birth weight and the development of hypertension as an adult (30) (31) (32) . Other studies found associations between hypertension and bone or blood lead concentrations in adults (33) (34) (35) . Skeletal lead, whether accumulated in utero or after birth, is in equilibrium with blood lead. It is possible that in utero lead exposure could cause both reduced birth weight, as suggested by the present study, and hypertension many years later. If this possibility is supported by additional studies, then the association between low birth weight and hypertension as an adult could be due in part to in utero lead exposure.
In summary, the results of this study demonstrate that lead exposure which ends well before pregnancy can reduce birth weight and birth length and that an increase in dietary calcium intake during pregnancy can reduce fetal lead accumulation in pregnant rats with a history of previous lead exposure. The results provide evidence that the composition of the diet can influence the transfer of an environmental toxicant to the fetus during pregnancy.
